Mechanisms governing the effect of polychlorinated biphenyl (PCB) toxicity on hypothalamic serotonergic function and the neuroendocrine system controlling LH secretion were investigated in Atlantic croaker (Micropogonias unulatus) exposed to the PCB mixture Aroclor 1254 (1 g g body weight Ϫ1 day
INTRODUCTION
Considerable evidence suggests that a variety of endocrine disrupting chemicals, such as heavy metals, pesticides, and polychlorinated biphenyls (PCBs), can impair vertebrate reproduction by acting at the hypothalamic level [1] [2] [3] [4] [5] [6] [7] [8] [9] . Investigations of the neuroendocrine targets of these chemicals and their mechanisms of disruption are, however, complicated by the complexity and multiplicity of neuroendocrine pathways that control vertebrate reproduction and the wide variety of potential chemical interactions. For example, a variety of pesticides interfere with LH secretion and reproductive function in rats by disrupting monoamine neurotransmitter function in the hypothalamus [6] [7] [8] . PCBs can also disrupt LH secretion in both mammals and fish, and neuroendocrine pathways that control LH secretion are potential targets of PCB toxicity [9] [10] [11] [12] [13] . However, the precise neuroendocrine targets of PCBs are unknown, and their mechanisms of neuroendocrine disruption warrant more thorough investigation.
The studies with pesticides and PCBs suggest that certain organic compounds could potentially disrupt neuroendocrine systems by impairing the functions of neurotransmitter systems that influence GnRH and/or gonadotropin secretion. Neuroendocrine control of reproduction in fishes, as in other vertebrates, involves complex interactions of a variety of neurotransmitters and neuromodulators with GnRH to regulate the synthesis and release of gonadotropins [5, 14] . The monoamine neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) stimulates gonadotropin II (GTH II or LH) secretion in goldfish and Atlantic croaker, the two teleosts in which effects of 5-HT have been investigated in any detail, by acting on the GnRH system in the preoptic-anterior hypothalamic area (POAH) and at the pituitary gland [15] [16] [17] [18] . In mammals, both stimulatory and inhibitory influences of 5-HT on GnRH and LH secretion have been reported, depending on the developmental stages of the animals and experimental approach [19] [20] [21] [22] [23] [24] . However, most studies have shown that 5-HT and its precursor 5-hydroxytryptophan (5-HTP), regulate LH secretion in mammals, including humans, by acting centrally via the stimulation of GnRH neurons [19] [20] [21] [22] . In addition, selective degeneration of serotonergic nerve terminals in the ventromedial region of the hypothalamus by 5,7-dihydroxytryptamine, a 5-HT neurotoxin, results in reduced LH levels in rats [25] . Therefore, lesions in the hypothalamic 5-HT system induced by environmental chemicals could potentially impair a stimulatory GnRH-LH pathway in vertebrates.
Evidence has accumulated that one major class of contaminants, PCBs, impairs the function of serotonergic and other monoaminergic neurotransmitter systems [26] [27] [28] [29] [30] [31] [32] . Several laboratory studies in rats have shown that PCBs at sublethal doses influence dopamine (DA), norepinephrine, 5-HT, and their metabolite concentrations in discrete brain areas [26] [27] [28] [29] . Moreover, PCBs consistently decrease DA concentration in nonhuman primates and mammalian cell lines [30, 31] . A decrease in DA concentrations in rats by PCBs is thought to be due to inhibition of tyrosine hydroxylase (TH), although the mechanism of this inhibition is unknown [32] . Some PCBs have also been shown to reduce 5-HT concentrations and increase the ratio of the metabolite (5-hydroxyindolacetic acid, 5-HIAA) to 5-HT in rats [28, 29] . In addition to their effects on neurotransmitter metabolism, PCBs impair LH secretion in rats [11, 12] and Atlantic croaker [10] . The disruption of LH secretion by the PCB Aroclor 1254 in croaker is accompanied by inhibition of gonadal growth [10] . Moreover, we have previously shown that exposure of croaker to this PCB in the diet during gonadal recrudescence phase results in reduced hypothalamic 5-HT and DA concentrations and increased ratios of the metabolite to the parent amine [9] . Furthermore, PCB exposure inhibits both in vivo and in vitro LH responses to stimulation by a GnRH analogue (GnRHa) in croaker [9, 13] . These results suggest that PCB-induced disruption of the hypothalamic 5-HT system is associated with the impairment of LH secretion in croaker because 5-HT exerts stimulatory influences on LH secretion in this species [17] . However, a causal relationship between PCB-induced alterations in 5-HT metabolism and the disruption of LH secretion has not been established.
The objectives of the present study were, therefore, to determine the target(s) of PCB neurotoxicity in the hypothalamic serotonergic pathway in Atlantic croaker and to investigate whether the disruption of LH secretion by PCB was related to the reduced hypothalamic 5-HT concentrations. Croaker is an excellent vertebrate model to investigate the mechanisms of neuroendocrine disruption because the neuroendocrine systems of fishes have the same basic features as those of other vertebrates, yet their relatively simple organization affords unique opportunities to study hypothalamic and pituitary function [14] . First, we investigated whether PCB can alter hypothalamic tryptophan hydroxylase (TPH), the rate-limiting enzyme for 5-HT synthesis and/or monoamine oxidase (MAO), the enzyme that converts 5-HT to its inactive metabolite, 5-HIAA. The finding of PCB-induced inhibition of hypothalamic TPH activity prompted us to try to mimic the inhibitory effect of PCB on TPH activity and 5-HT concentrations by treatment with p-chlorophenylalanine (PCPA), an irreversible TPH inhibitor [33, 34] . In addition, the 5-HT precursor, 5-HTP, was administered to bypass the TPH-dependent hydroxylation step in 5-HT biosynthesis and to restore neuronal 5-HT concentrations [34, 35] in PCB-treated fish. GnRH contents in the POAH and pituitary gland and levels of basal and GnRHa-induced LH secretion were examined under these experimental conditions. In addition, the POAH and pituitary slices were incubated in vitro to determine the functional integrity of GnRH neurons to release GnRH in response to stimulation by 5-HT. We used slow-release GnRHa implants simultaneously with PCB exposure to determine whether GnRH therapy would prevent PCB-induced decreases in the number of pituitary GnRH receptors (GnRH-R) and the LH response to GnRHa.
MATERIALS AND METHODS

Animals
Young-of-the-year Atlantic croaker were captured with shrimp trawls in Redfish Bay, Texas, during the late summer and were maintained in the laboratory in large tanks with a recirculating seawater system. Croaker undergo gonadal recrudescence in the laboratory under a simulated seasonal cycle of photoperiod/water temperature in the fall (September-November) and are routinely maintained in a reproductively active stage under fall photoperiod (11L: 13D) and constant temperature (22ЊC Ϯ 1ЊC) conditions until March. All PCB exposure experiments (15 or 30 days) were initiated in male fish during the early recrudescence phase of the gonadal cycle and were terminated when the gonads had developed fully in control fish, as evidenced by the presence of readily expressible milt. Fish weighing 45-65 g were fed a diet of chopped shrimp and commercial trout pellets (95/5, w/w) at 3% of their body weight daily in the morning throughout the experiments. They were fed an average of three pellets of prepared food per fish per day. The animal utilization protocols were approved by the Institutional Animal Care and Use Committee of the University of Texas at Austin.
Chemicals and Drugs
Aroclor 1254 was purchased from Chemservice (West Chester, PA). GnRHs were obtained from Bachem (Torrence, CA), and PCPA was from Research Biochemicals (Natick, MA). The 3 H-tryptophan and tryptamine-14 C-bisuccinate were purchased from New England Nuclear (Boston, MA), and the 125 I-labeled mGnRH tracer was from Amersham Pharmacia Biotech (Piscataway, NJ). The scintillation fluid (CytoScint) was obtained from ICN (Costa Mesa, CA), and the charcoal (Darco G-60) was from EM Science (Gibbstown, NJ). Acetylthiocholine, BSA, catalase, 5,5Ј-dithio-bis-(2-nitrobenzoic acid), Dulbecco modified Eagle medium (DMEM), dithiotheritol (DTT), EDTA, hCG, Hepes, 5-HT, 5-HTP, iodogen, goat and mouse antirabbit IgGs, 6-methyl-5,6,7,8-tetrahydropterine (6-MPH 4 ), and other analytical grade chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). The seabream GnRH conjugated to acetylcholinesterase (sbGnRH-AChE tracer) was purchased from Cayman Chemical Co. (Ann Arbor, MI). The sbGnRH peptide and antibody (AS-691) were gifts from Drs. K. Okuzawa and H. Kagawa [36] . The 5-HT ELISA kit (RE 591-21, IBL-Hamburg) was a gift from KMI Diagnostics (Minneapolis, MN).
Experimental Protocols
Experiments were conducted in 1500-L recirculating seawater tanks (24-30 fish/tank). The hormones and neuropharmacological agents were injected i.p. in a final volume of 100-l saline/fish. The pharmacological treatments and fish sampling were carried out between 0900 and 1100 h to avoid diurnal differences. All the experimental fish were anesthetized with quinaldine sulfate (20 mg/L) prior to handling. However, hypothalamic 5-HT concentrations and TPH and MAO activities were measured in fish killed by decapitation within 15 sec of capture without the use of the anesthetic. Brains and pituitaries either were stored at Ϫ80ЊC until analyzed for various parameters or were processed immediately according to the requirements of particular assays. The hypothalamic tissue for TPH and MAO activity contained POAH and medial and posterior hypothalamus, which included nucleus recessus lateralis (NRL) and nucleus recessus posterioris (NRP), the homologues of mammalian paraventricular organ [18] . The NRL and NRP contain intrinsic 5-HT neurons in fish [18] . Plasma samples collected after 20-min centrifugation were stored at Ϫ20ЊC until assayed for LH levels. The gonadosomatic index (GSI; gonad weight expressed as a percentage of body weight) was determined in all the experiments.
Effects of PCB on Hypothalamic TPH and MAO Activities
Forty-eight fish were separated into two equal groups during the early recrudescence phase of their gonadal cycle and were maintained under ambient photoperiod and constant temperature (22ЊC Ϯ 1ЊC) conditions. One group of fish was exposed to the PCB mixture Aroclor 1254 (1 g g body weight [BW] Ϫ1 day
Ϫ1
) for 30 days in the diet, whereas the other group was given a control diet. Twelve fish from each group were rapidly killed by decapitation, and their brains were collected and frozen in liquid nitrogen for the measurement of hypothalamic TPH activity. The remaining 12 fish from each group were used for the determination of hypothalamic MAO activity.
Dose-Response and Time-Course Effects of PCPA on Hypothalamic TPH Activity
The effects of different concentrations of PCPA (1, 10, 100, and 1000 g/g BW) on hypothalamic TPH activity at 1 h postinjection were investigated in croaker during the period of gonadal recrudescence to determine which treatment caused a reduction in hypothalamic TPH activity comparable to that due to the PCB exposure. The 1-h sampling time was based on a previous study in fish where significant reduction in hypothalamic 5-HT levels was achieved within 1 h of PCPA administration [37] . A time course (0-96 h) experiment was conducted to determine the duration and frequency of PCPA injections.
Effects of PCB, PCPA, and PCB ϩ 5-HTP on the 5-HT and GnRH Systems and on LH Secretion
To minimize handling stress due to multiple injections of the pharmacological agents and to achieve a similar PCB body burden, the duration of PCB exposure was reduced from 30 to 15 days and the dose was increased from 1 to 2 g g BW Ϫ1 day Ϫ1 in this experiment. Two hundred forty fish were separated into four equal treatment groups (30 fish/tank, two tanks/treatment). Fish in two groups (A and B) were fed uncontaminated diet, and fish in the other two groups (C and D) were exposed to PCB in the diet. The fish in group A were given saline, and those in group B received PCPA (10 g/g BW; five injections at 3-day intervals). The fish in groups C and D were injected with either saline or 5-HTP (20 g/g BW; seven injections every other day). This dose of 5-HTP previously reversed the inhibitory effect of PCPA on hypothalamic 5-HT concentrations and restored LH secretion in catfish [35] . The experiments were terminated 24 h after the last injection, and hypothalamic tissues were processed for determination of TPH activity and 5-HT concentrations (n ϭ 8 for each measurement). GnRH content (n ϭ 8 fish/group) was determined in POAH and pituitaries, and the GnRH response to 5-HT was determined in the POAH and pituitary slices incubated in vitro (n ϭ 16/group: 8 unstimulated, 8 stimulated with 5-HT). In addition, 20 fish from each group were further separated into two subgroups at the end of the exposure period and were injected with either saline or GnRHa (10 ng/g BW). Blood samples were collected 1 h after the injections for the measurement of plasma LH levels.
Effects of GnRH Implants on GnRH-R Concentrations and LH Secretion in PCB-Exposed Fish
One hundred twenty fish were separated into four equal treatment groups (30 fish/tank). Fish in the first group were fed uncontaminated diet, and fish in the other three groups were exposed to PCB in the diet (2 g g BW Ϫ1 day Ϫ1 for 2 wk). A day before the start of the feeding regimen, fish in two PCB-exposure groups were implanted with slowrelease cholesterol pellets (5 mm length ϫ 1.5 mm diameter; 95% cholesterol, 5% cellulose) of GnRHa (5 and 50 ng/g BW). Similar slow-release cholesterol implants have been shown to release GnRHa in striped bass for up to 2 wk [38] . Fish in the other two groups received the pellets without GnRHa. At the end of 2 wk, 20 fish were injected with either saline or GnRHa (10 ng/g BW), and blood samples were collected 1 h later for the determination of plasma LH levels. The pituitaries of the 10 saline-injected and remaining 10 uninjected fish were pooled from each group to determine GnRH-R concentrations.
TPH and MAO Activities
TPH activity was measured using a radioenzymatic assay [39] validated for croaker hypothalamic tissues. Tissue homogenate (25 l) was added to a reaction mixture containing 0.05 mM tryptophan, 50 mM Hepes (pH 7.6), 5 mM DTT, 0.01 mM Fe(NH 4 ) 2 (SO 4 ) 2 , 0.5 mM 6-MPH 4 , 0.1 mg/ml catalase, and 3 H-tryptophan (1 Ci/reaction). The enzymatic reaction was allowed to proceed at 25ЊC for 20 min or as specified for the time-course experiment. Unreacted tryptophan and the product 5-HTP were adsorbed with 500 l of 7.5% charcoal in 1 M HCl at the end of the incubation. The samples were vortexed thoroughly and centrifuged at 14,000 ϫ g for 2 min. The supernatant (350 l) was centrifuged, and a 200-l aliquot of the final supernatant was added to 3 ml of scintillation fluid (CytoScint) and the radioactivity was measured by a liquid scintillation counter (Beckman LS 6000SC). Blank values were obtained by performing the reaction in the absence of tissue homogenate and in the presence of boiled homogenate. The counts per minute were converted to pmoles of 5-HTP formed per milligram of tissue per hour using the formula described by Vrana et al. [39] .
MAO activity was determined by a radioisotopic method [40] . Hypothalamic tissues were homogenized and incubated in the presence of tryptamine-14 C-bisuccinate, and the enzyme activity was determined by measuring radioactivity of 14 C-indole acetic acid formed during 20-min incubation at 25ЊC and expressed as pmoles of amine deaminated per milligram of tissue per hour.
5-Hydroxytryptamine ELISA
Hypothalamic tissue was homogenized in 20 volumes of 1 N formic acid/acetone (15/85, v/v) according to the method of Smith et al. [41] . After centrifugation and reextraction of the pellet with formic acid/acetone, the combined supernatants were washed by shaking for 10 min with 3 ml of heptane/chloroform (8/1, v/v) for every 1 ml of formic acid/acetone. The organic phase and lipid interface were aspirated, and the samples were dried under vacuum. The samples were reconstituted in the enzyme immunoassay (EIA) buffer (phosphate buffer with BSA and sodium azide) and analyzed following the protocol provided with the ELISA kit. The 5-HT concentrations determined with the ELISA were comparable to those reported previously in croaker using an HPLC method [9] .
GnRH Release from POAH and Pituitary Slices Incubated In Vitro
The POAH and pituitary tissues were transferred to DMEM in 48-well culture plates kept on ice. The tissues were divided into four slices (thickness: POAH, ϳ0.5 mm; pituitary, ϳ0.25 mm), preincubated for 1 h, and then incubated with 5-HT (20 g/ml) or medium alone for 1 h at 24ЊC under oxygen as previously described [42] .
Gonadotropin-Releasing Hormone ELISA
The POAH and pituitary tissues were homogenized and extracted following the procedure described by Holland et al. [43] . A specific sbGnRH antibody (AS-691) and sbGnRH-AChE as tracer were used in the ELISA. The sbGnRH-AChE conjugate was prepared by the Cayman Chemical Co., according to the method of Pradelles et al. [44] . Assays were performed in 96-well microtiter plates precoated with mouse anti-rabbit IgG. The plates were washed three times with 0.01 M potassium phosphate buffer (pH 7.4) containing 0.05% Tween-20 prior to each assay. The incubation mixture consisted of 50 l of antiserum (1: 50 000), 50 l of GnRH-AChE tracer (1:1000), and 50 l of standard or sample. Samples were assayed in triplicate. Two wells on each plate were used for tracer activity (TA), and three were used for total binding (B 0 ). The plates were incubated for 3 days at 4ЊC and then washed four times with the washing buffer. Freshly prepared Ellman reagent (20 mg acetylthiocholine and 21.5 mg 5,5Ј-dithio-bis-(2-nitrobenzoic acid)/100 ml; 200 l/well) was added to each well, and 5 l of tracer was added only to the TA wells. Optical density was read with a microplate reader (Uvmax; Molecular Devices, Sunnyvale, CA) at 405 nm after 3 h of incubation in complete darkness and under constant horizontal agitation. The GnRH concentrations were calculated using a Beckman EIA program. The interassay variation was 11.4%, and the intraassay variation ranged from 7.2% to 10.9%. The minimum and maximum limits of detection were 4 and 2000 pg/sample, respectively.
GnRH-R Assay
GnRH-R concentrations were measured in croaker following the methods previously described for seabream [45] with minor modifications. Seabream GnRH, the major releasing form present in the preoptic area and pituitary of all the perciform fish investigated to date, differs from the mammalian GnRH decapeptide (mGnRH) by only one amino acid [36] . Therefore, we used commercially available 125 I-labeled mGnRH tracer for the binding assays. Pituitaries were homogenized in ice-cold 0.25 M sucrose in 10 mM Tris-HCl, pH 7.4 (25 l/pituitary) with a glass homogenizer. The homogenate was brought to a volume of 3 ml and centrifuged at 500 ϫ g for 5 min at 4ЊC. The supernatant was centrifuged at 12 000 ϫ g for 30 min. The crude membrane fraction (pellet) was resuspended in 10 mM Tris-HCl (pH 7.4) to 1 pituitary equivalent/50 l and used immediately for receptor binding studies.
The microfuge tubes used for binding assays were precoated overnight with 1% BSA in 10 mM Tris-HCl (pH 7.4). The membrane fraction (50 l) was added to 125 Ilabeled mGnRH (7.5 ϫ 10 Ϫ10 M in all but the saturation experiment) with or without excess unlabeled mGnRH (10 Ϫ6 M) in a final volume of 250 l assay buffer containing 0.1% BSA. Bound and free hormone were separated after 40 min of incubation by centrifugation for 5 min at 14 000 ϫ g through 100 l of 10% sucrose in 10 mM TrisHCl. Supernatant was aspirated, and the last 2-3 mm of the tips of the tubes were cut off and transferred to polypropylene tubes for counting on a gamma counter. Luteinizing Hormone RIA Plasma LH concentrations were measured using a homologous RIA [42] . The assay has a sensitivity of 5 pg/ tube equivalent to 50 pg/ml in plasma samples. Interassay variance was Ͻ10%, and the recovery of LH added to croaker plasma ranged from 85% to 112%.
Statistical Analyses
Data were analyzed by Student t-test assuming unequal variances for comparison between two groups, or by analyses of variance followed by Tukey test for comparison of multiple group means. P values of Ͻ0.05 were considered significant. A computerized nonlinear least-square curvefitting program (LIGAND) was used for Scatchard analysis of GnRH-R binding data.
RESULTS
Effects of PCB on Hypothalamic TPH and MAO Activities
A pilot study to determine the appropriate incubation time for TPH activity measurement showed that enzyme activity increased linearly up to 20 min, remained stable for 40 min, and declined thereafter (data not included). Therefore, a 20-min incubation period was selected for subsequent assays. PCB exposure (1 g g BW Ϫ1 day Ϫ1 for 30 days) resulted in a significant reduction (38.1%, P Ͻ 0.02) in hypothalamic TPH activity (from 29.1 Ϯ 2.5 to 18.0 Ϯ 2.1 pmol mg tissue Ϫ1 h
Ϫ1
), whereas MAO activity was not significantly altered (Fig. 1) .
Dose-Response and Time-Course Effects of PCPA on Hypothalamic TPH Activity
PCPA at doses of 10 g/g BW or higher significantly inhibited hypothalamic TPH activity (P Ͻ 0.05) within 1 h after the injection (Fig. 2A) . Therefore, the 10 g/g BW dose was used for the time-course and other experiments. The time-course study revealed that enzyme activity remained low for 72 h postinjection (Fig. 2B) . Based on these results, an injection protocol was developed where PCPA was administered in acidified saline at 3-day intervals in an attempt to mimic the effect of PCB on hypothalamic TPH activity and 5-HT concentrations.
Effects of PCB, PCPA, and PCB ϩ 5-HTP on the 5-HT and GnRH Systems and on LH Secretion
A similar decrease in hypothalamic TPH activity (36.6% versus 38.1%, P Ͻ 0.03) was observed in this experiment when the dose of PCB was increased from 1 to 2 g per g of BW Ϫ1 day Ϫ1 and the duration of exposure was reduced from 30 to 15 days (Fig. 3A) . Moreover, PCPA treatment caused a decrease in TPH activity comparable to that induced by PCB (45.8% versus 36.6%, P Ͻ 0.01). Cotreatment with 5-HTP did not influence enzyme activity as compared with that observed with the PCB treatment alone (42.5% versus 36.6% decrease). Similar decreases in TPH activity were accompanied by comparable decreases in hy- pothalamic 5-HT concentrations after PCB (P Ͻ 0.03) and PCPA (P Ͻ 0.01) treatments, whereas treatment of the PCB-exposed group with 5-HTP restored the neurotransmitter levels to those observed in control fish (Fig. 3B) .
The same treatments that decreased hypothalamic TPH activity and 5-HT concentrations also caused a decrease in reproductive neuroendocrine function. Both PCB and PCPA treatments elicited significant decreases in GnRH contents in the POAH (PCB: 86.5%, P Ͻ 0.001; PCPA: 72.6%, P Ͻ 0.003; Fig. 4A ). The 5-HTP treatments prevented the PCB-induced decline in the concentrations of the decapeptide in the POAH. However, pituitary GnRH content was not significantly altered by these treatments (Fig. 4B) .
5-HT significantly stimulated GnRH release in vitro from the POAH and pituitary slices in all four treatment groups (control, PCB, PCPA, and PCB ϩ 5-HTP; Table 1 ). PCB and PCPA treatments significantly reduced (P Ͻ 0.05) both spontaneous and 5-HT-induced GnRH release from the POAH, and the combined treatments of PCB ϩ 5-HTP prevented the PCB-induced declines in GnRH release. However, none of these treatments significantly altered spontaneous or 5-HT-induced GnRH release from pituitary slices.
Administration of GnRHa (10 ng/g BW) 1 h prior to blood sampling induced a significant increase in plasma LH levels (P Ͻ 0.02; Fig. 5 ). PCB and PCPA treatments significantly decreased GnRHa-induced LH secretion (PCB: 62%, P Ͻ 0.01; PCPA: 75.1%, P Ͻ 0.005). In addition, coadministration with 5-HTP prevented the PCB-induced decline in the LH response to GnRHa.
The GSIs of immature croaker at the beginning of exposure were Ͻ0.5%, whereas those of fully mature males at the end of the experiment ranged from 4% to 12%. Both PCB and PCPA treatments significantly inhibited gonadal growth (P Ͻ 0.01 and 0.007, respectively), and the PCBinduced inhibition was partially reversed by 5-HTP cotreatments (GSIs: control, 9.82 Ϯ 1.673; PCB, 3.05 Ϯ 0.57; PCPA, 2.26 Ϯ 0.48; PCB ϩ 5-HTTP, 4.98 Ϯ 0.87).
Effects of GnRH Implants on GnRH Receptors and LH Secretion in PCB-Exposed Fish
Results of the pilot studies showed that the specific binding of the radioligand was tissue concentration dependent (linear increase over the range of 0.125-2 pituitary equivalents/tube), was maximum within 20 min and declined after 60 min, and was displaced by mGnRH, sbGnRH, cGnRH-II, and sGnRH but not by hCG (data not included). Of the four GnRHs tested, sGnRH was the least potent form, whereas sbGnRH and cGnRH-II were slightly more potent than mGnRH in displacing the binding. Scatchard analysis of the saturation data suggested the presence of a single class of high affinity binding sites (K a ϭ 1.223 ϫ 10 9 M Ϫ1 ; B max ϭ 0.89 pmol/mg protein; Fig. 6 ). PCB exposure significantly reduced GnRH-R content in the pituitary (52.1%, P Ͻ 0.01; Fig. 7A ). The low-dose GnRHa implants (5 ng/g BW) in combination with PCB exposure restored GnRH-R content almost to the level observed in control fish. The high-dose GnRHa implants (50 ng/g BW) reduced the receptor content by 40% (nonsignificant, P ϭ 0.11) as compared with PCB treatment alone. In addition, PCB significantly decreased LH secretion (72%, P Ͻ 0.02) and the LH response to GnRHa (54.8%, P Ͻ 0.04; Fig. 7B ). The low-dose GnRHa implants elicited a significant increase in plasma LH levels (P Ͻ 0.01) and restored the LH response to GnRHa administration in PCBexposed fish, whereas the high-dose GnRHa implants completely blocked the LH response to GnRHa.
The PCB-induced inhibition of gonadal growth (P Ͻ 0.04) was partially reversed by the low-dose GnRHa implants but not by the high-dose implants (GSIs: control, 4.93 Ϯ 0.67; PCB, 1.92 Ϯ 0.34; PCB ϩ low-dose GnRHa, 3.01 Ϯ 0.42; PCB ϩ high-dose GnRHa, 1.65 Ϯ 0.28).
DISCUSSION
The results of the present study demonstrate for the first time in any vertebrate species that impairment of the hypothalamic serotonergic system by PCB involves inhibition of TPH activity, the rate-limiting step in 5-HT synthesis. In addition, they provide clear evidence that reduced 5-HT synthesis in the hypothalamus of PCB-exposed croaker results in disruption of the stimulatory 5-HT-GnRH pathway that controls LH secretion. The finding that inhibition of TPH activity by pharmacological treatment with the TPH inhibitor PCPA mimicked the inhibitory effects of Aroclor 1254 on GnRH function and LH secretion indicates in- volvement of the hypothalamic 5-HT system in the neuroendocrine toxicity induced by PCBs. The ability of 5-HTP treatments to prevent PCB-induced impairment of the GnRH system and LH secretion is further evidence that inhibition of this enzyme is an important mechanism of PCB neuroendocrine toxicity. Moreover, the efficacy of slow-release GnRHa implants in preventing PCB-induced decreases in GnRH-R concentrations and the LH response to GnRHa suggests that GnRH therapy can ameliorate disruption of LH secretion after PCB exposure.
The complexity of the neuroendocrine system controlling LH secretion complicates investigations of the sites and mechanisms of chemical interference and their overall effects on neuroendocrine function. Therefore, several components of the GnRH system were investigated in Atlantic croaker, a well-characterized model with a relatively simple neuroendocrine organization, to obtain a more comprehensive understanding of the neuroendocrine effects of altered serotonergic function after PCB exposure. The results show that PCB-induced inhibition of TPH activity in croaker is accompanied by alterations of many components of the GnRH system. Such extensive alterations of the GnRH system have not been reported in any other vertebrate model after exposure to PCBs. A consistent finding was that inhibition of TPH activity by PCB and PCPA resulted in a decrease in GnRH content in the POAH. One interpretation of these results is that disruption of the stimulatory 5-HT input leads to impairment of GnRH synthesis. The observation that coadministration of 5-HTP prevented the PCBinduced decline in GnRH content in the POAH is consistent with this possibility. 5-HT has been shown to regulate GnRH gene expression in the rat [24] , although similar evidence is currently lacking in teleosts. PCB also may act directly on GnRH neurons. In a preliminary study, PCB directly influenced GnRH neurons (GT1-7 cells) in vitro by causing retraction of neuronal processes and reduction of GnRH mRNA levels ( [46] , personal communication). However, the ability of PCPA to mimic the effects of PCB on the GnRH system and the ability of 5-HTP treatments to reverse these effects indicate that inhibition of hypothalamic TPH activity is at least partially responsible for the PCB-induced impairment of the GnRH system and LH secretion.
Pituitary GnRH-R concentrations vary during the reproductive cycle in both fish and mammals [47] [48] [49] [50] and gradually increase during gonadal recrudescence in goldfish [47, 48] and croaker (data not included). Moreover, there is evidence that GnRH regulates GnRH-R concentrations in these two species ( [47, 48] , present study). Therefore, one of the reasons for the lower pituitary GnRH-R concentrations observed in PCB-exposed croaker may be insufficient GnRH release from the pituitary nerve terminals, resulting in reduced upregulation of the GnRH-R, although a direct effect of PCB on GnRH-R cannot be ruled out. The finding that the low-dose GnRHa implants upregulated GnRH-R, increased basal LH secretion, and fully restored the LH response to GnRHa in PCB-exposed croaker is consistent with a mechanism of PCB toxicity involving decreased GnRH secretion. However, the complete loss of the LH response to further stimulation by GnRHa in fish with highdose GnRHa implants was likely due to downregulation of GnRH-R and/or depletion of pituitary LH stores. 5-HT stimulates GnRH release in both mammals and fish [16, 19, 20, 22] , including Atlantic croaker as shown in the present study. The decreases in GnRH content observed in the POAH of croaker after the PCB and PCPA treatments were reflected in both spontaneous and 5-HT-induced GnRH release from POAH slices in vitro. The observation that 5-HT induced two-to threefold increases in GnRH release from the POAH and pituitary slices of fish treated with PCB and PCPA indicates that the ability of GnRH neurons to release GnRH in vitro in response to 5-HT is retained after these treatments, although the response was attenuated in the POAH. The POAH and pituitary slice preparations in fishes ( [16] , present study) and median eminence of rats [19] contain GnRH neurons that are not intact. Therefore, the precise physiological significance of the in vitro GnRH release data in the present study is unclear. GnRH content did not decline in the pituitaries of PCBand PCPA-exposed fish despite the drastic reduction of GnRH in the POAH. One possible explanation for the lack of a decline is that these treatments disrupt GnRH release from the nerve terminals in the pituitary. However, in vivo GnRH release was not measured because of its complicated nature in teleosts due to the absence of a hypothalamohypophysial portal system and the release of GnRH from nerve terminals directly in the anterior pituitary [14] . Thus, although alterations of GnRH content, GnRH release, and GnRH receptors together point to the impairment of pituitary GnRH release as an additional site of neuroendocrine disruption by PCB, further studies will be required to confirm this possibility.
PCB also may interfere with other neuromodulators that influence LH secretion. A depletion of 5-HT in the pineal gland could impair the production of melatonin, a hormone that has been shown to stimulate LH secretion in croaker by acting at the POAH and pituitary [51] . PCB exposure also results in lower hypothalamic DA concentrations in croaker [9] , a finding consistent with those of several studies in mammals [26, 30, 31] . The decline in hypothalamic I-labeled mGnRH/tube in duplicate in the presence or absence of 10 Ϫ6 M mGnRH. The bars for plasma LH levels represent mean Ϯ SEM of 10 observations (a, significantly lower than the control group in A; b, significantly lower than the saline-injected control; c, significantly higher than the saline-injected control; d, significantly lower than the GnRHa-injected control; e, significantly lower than the other GnRHa-injected groups).
DA concentrations in croaker may also partially contribute to the PCB-induced disruption of LH secretion, because apomorphine (a DA agonist) potentiates and pimozide and domperidone (DA antagonists) inhibit GnRHa-induced LH secretion in this species [52] . The reduction in DA concentrations in croaker after PCB exposure is likely due to inhibition of TH (the rate-limiting enzyme in DA synthesis); this enzyme is inhibited in rats exposed to PCBs [32] , and no alteration of MAO, the enzyme that metabolizes monoamines, including DA, was observed in the present study.
PCBs could inhibit the activities of TPH and TH by similar mechanisms. TPH and TH are aromatic amino acid hydroxylases that share many physical, structural, and catalytic properties [53] , and activation of the two enzymes involves coupling with similar second messenger pathways [54] . Alterations of DA metabolism in rats after PCB exposure are also associated with interference of Ca 2ϩ channels and protein kinase pathways [55] . Similar studies have not been conducted to determine the mechanisms of PCB action on 5-HT metabolism. Our results suggest that the decreases in 5-HT concentrations in rat brains after exposure to PCB mixtures, including Aroclor 1254 [28, 29] , are due to inhibition of TPH activity. Clearly, the mechanisms of the effects of PCB toxicity on 5-HT metabolism and TPH activity warrant further investigation.
Despite a ban on the manufacture of PCBs in the United States and Europe in the late 1970s, these compounds continue to pose a threat to wildlife and certain human populations because of their persistence, bioaccumulation, biomagnification, and toxicity [56] [57] [58] [59] [60] . The PCB exposure regime used in the present study resulted in tissue burdens in croaker brains, livers, and testes of 13, 25, and 3 ppm, respectively [9] . These concentrations are comparable to those reported in tissues of Atlantic tomcod collected from the Hudson River estuary [61] but are somewhat higher than those typically detected in environmental samples. Thus, the broad environmental relevance and public health implications of our present findings of inhibition of TPH activity and impaired neuroendocrine function remain uncertain. However, there is evidence of neuroendocrine and reproductive dysfunction in women exposed to PCBs occupationally or in the diet [57, 58] and of neurodevelopmental and behavioral deficits in their children [59, 60] . The possibility that these adverse effects of PCBs on neural functions in humans are partly attributable to inhibition of TPH activity needs to be explored.
